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Despite effective therapies that have extended the life expectancy of persons living with HIV, 35–70% of these adults still develop

some form of cognitive impairment, and with a growing population of aging adults with HIV, the prevalence of these cognitive def-

icits is likely to increase. The mechanisms underlying these HIV-associated neurocognitive disorders remain poorly understood but

are often accelerated by the aging process and accompanied by disturbances in sensory processing, which may contribute to the

observed cognitive decline. The goal of the current study was to identify the impact of aging on HIV-related alterations in inhibi-

tory processing and determine whether such alterations are related to cognitive impairment in neuroHIV. We used magnetoence-

phalographic imaging, advanced time series analysis methods, and a paired-pulse stimulation paradigm to interrogate inhibitory

processing in 87 HIV-infected aging adults and 92 demographically matched uninfected controls (22–72 years old). Whole-brain

maps linking age and neural indices were computed for each group and compared via Fisher’s Z transformations. Peak voxel time-

series data were also extracted from the resulting images to quantify the dynamics of spontaneous neural activity preceding stimu-

lation onset in each group. Whole-brain analyses using the somatosensory gating index, a metric of inhibitory processing and age

distinguished impaired adults with HIV from unimpaired HIV-infected adults and controls. Briefly, younger cognitively impaired

adults with HIV strongly utilized the prefrontal cortices to gate somatosensory input, and the role of this region in gating was

uniquely and significantly modulated by aging only in impaired adults with HIV. Spontaneous neural activity preceding stimulus

onset was also significantly elevated in the prefrontal cortices of those with HIV-associated neurocognitive disorder, and this eleva-

tion was significantly related to the CD4 nadir across both HIV-infected groups. This is the first study to examine the impact of

aging on inhibitory processing in HIV-infected adults with and without cognitive impairment. Our findings suggest that young

adults with HIV-associated neurocognitive disorder utilize the prefrontal cortices to gate (i.e. suppress) redundant somatosensory

input, and that this capacity uniquely diminishes with advancing age in impaired adults with HIV.
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Introduction
HIV-associated neurocognitive impairment remains a

major concern in those infected with HIV, despite the

availability of combination antiretroviral therapy

(Antinori et al., 2007; Robertson et al., 2007; Cysique

and Brew, 2009; Heaton et al., 2010, 2011; Lerner

et al., 2020). Notably, 35–70% of all persons living with

HIV (PLWH) develop some form of cognitive impairment

(Robertson et al., 2007; Heaton et al., 2010, 2011;

Simioni et al., 2010; Saylor et al., 2016), and with an

aging HIV-infected population, this figure will likely re-

main high or even increase over the next decade

(Kamkwalala and Newhouse, 2017). Currently, there are

no specific biomarkers that distinguish cognitive impair-

ment amongst PLWH. Thus, examining the neural mech-

anisms underlying such cognitive dysfunction may enable

the identification of dissociable metrics that can ultimate-

ly aid in the diagnosis, treatment and understanding of

neuroHIV.

Sensory gating is a neurophysiological phenomenon

whereby the neural response to the second stimulus in an

identical pair is attenuated. This suppression is thought

to reflect the capacity of the CNS to filter irrelevant in-

formation and preserve its resources for behaviourally

relevant input (Cromwell et al., 2008). Recent evidence

suggests that healthy older adults exhibit impaired gating

in both auditory and somatosensory domains, and that

such gating is served by inhibitory processing (Lenz

et al., 2012; Cheng and Lin, 2013; Cheng et al., 2015a,

b; Spooner et al., 2019). Interestingly, recent studies also

indicate that young and middle-aged PLWH exhibit aber-

rant somatosensory processing and altered sensory gating

(Wilson et al., 2015; Spooner et al., 2018). Thus, beyond

its potential as a marker of cognitive impairment in

neuroHIV, sensory gating (i.e. inhibitory processing) may

also be a useful index to determine the potentially com-

pounding, interactive effects of aging with HIV.

In the current study, we used a paired-pulse somatosen-

sory stimulation paradigm to examine whether aging dif-

ferentially affects sensory gating in PLWH, and to

determine whether such age-related alterations in somato-

sensory processing and gating can distinguish adults with

HIV-associated neurocognitive disorder (HAND) from un-

impaired PLWH and uninfected controls. Beyond sensory

gating and basic somatosensory processing, we also eval-

uated the strength of spontaneous neural activity in gat-

ing-related brain regions, as prior studies have shown

such prestimulus spontaneous activity is significantly

modulated by aging in healthy controls (Spooner et al.,

2019). Finally, we interrogated whether alterations in

somatosensory processing (i.e. spontaneous baseline activ-

ity, gating) were related to important risk factors for

developing neurocognitive impairment, including CD4

nadir and time since diagnosis. Briefly, CD4þ T cells are

prominent indicators of immune system stability in

PLWH, as their levels dramatically decrease immediately

upon infection (Leung et al., 2013; Serrano-Villar et al.,

2014). Further, lower CD4 nadir values (i.e. lowest life-

time cell count) have been directly implicated in both the

relative age advancement (e.g. DNA methylation) and the

likelihood of cognitive impairment in PLWH (Tozzi

et al., 2005; Mu~noz-Moreno et al., 2008; Ellis et al.,

2011; Gross et al., 2016). Thus, we expected our neural

markers of somatosensory function to be closely tied to

these important clinical measures in PLWH. Our primary
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hypotheses were that adults with HAND would have: (i)

altered sensory gating with increasing age relative to un-

impaired PLWH and controls, (ii) elevated spontaneous

gamma activity prior to stimulation onset and (iii) that

modifications in somatosensory processing would be

related to clinical metrics such as CD4 nadir.

Materials and methods

Participants

Two hundred and fifty-four adults (range: 22–72 years

old; 121 PLWH and 133 controls) were enrolled. All

PLWH were receiving effective combination antiretro-

viral therapy and had complete viral suppression defined

as <50 copies/ml. Exclusion criteria included any medic-

al illness affecting CNS function (other than HIV-infec-

tion/HAND), any psychiatric or neurological disorder

(other than HAND), pregnancy, implanted ferromagnetic

objects or orthodonture and a history of head trauma.

Uninfected controls were enrolled to demographically

match PLWH based on their race/ethnicity, age, sex and

handedness. In total, 76 unimpaired PLWH (44 males),

45 participants with HAND (26 males) and 133 unim-

paired HIV-negative controls (63 males) were enrolled.

Further study-specific exclusion criteria are detailed in

Fig. 1 and the Results section, and included active sub-

stance abuse, moderate to severe depression according

to the Beck Depression Inventory-II (Beck et al., 1996),

and missing or artefactual MEG somatosensory gating

data or structural magnetic resonance imaging (MRI).

HAND diagnoses were based on a thorough neuro-

psychological assessment consistent with the Frascati cri-

teria (Antinori et al., 2007). The University of Nebraska

Medical Center Institutional Review Board approved the

study and all participants provided written informed

consent.

Experimental paradigm

Participants were seated in a nonmagnetic chair with

their head positioned within the magnetoencephalography

(MEG) helmet-shaped sensor array. Electrical stimulation

was applied to the right median nerve using external cu-

taneous stimulators connected to a Digitimer DS7A con-

stant-current stimulator system (Digitimer Limited,

Letchworth Garden City, UK). For each participant, we

collected at least 80 paired-pulse trials with an inter-

stimulation interval of 500 ms and an inter-pair interval

that randomly varied between 4500 and 4800 ms. Each

pulse generated a 0.2 ms constant-current square wave

that was set to a limit of 10% above the motor threshold

required to elicit a subtle twitch of the thumb.

MEG data acquisition and
coregistration with structural MRI

All recordings were performed in a one-layer magnetically

shielded room with active shielding engaged for environ-

mental noise compensation. With an acquisition band-

width of 0.1–330 Hz, neuromagnetic responses were

sampled continuously at 1 kHz using an Elekta MEG sys-

tem (Elekta, Helsinki, Finland) with 306 magnetic sen-

sors, including 204 planar gradiometers and 102

magnetometers. Throughout data acquisition, participants

were monitored using a real-time audio-video feed from

inside the magnetically shielded room. MEG data from

each participant were individually corrected for head mo-

tion and subjected to noise reduction using the signal

space separation method with a temporal extension

(Taulu and Simola, 2006). Each participant’s MEG data

were coregistered with their structural T1-weighted MRI

data prior to imaging analyses using BESA MRI (Version

2.0). Structural MRI data were aligned parallel to the an-

terior and posterior commissures and transformed into

standardized space. After beamformer analysis (see

below), each subject’s functional images were transformed

into standardized space using the transform that was pre-

viously applied to the structural MRI volume and spatial-

ly resampled.

MEG preprocessing, time-frequency
transformation and sensor-level
statistics

Cardiac artefacts were removed from the data using sig-

nal-space projection and the projection operator was

accounted for during source reconstruction (Uusitalo and

Ilmoniemi, 1997). Epochs were of 3700 ms duration,

with 0 ms defined as the onset of the first stimulation

and the baseline being the �700 to �300 ms window. Of

note, we shifted our baseline away from the period im-

mediately preceding stimulus onset to avoid potential

Figure 1 CONSORT diagram. Of the 254 total participants

enrolled in the project, 179 remained following exclusion for

current substance use, moderate to severe depression, cognitive

impairment (in controls) and artefactual or missing MEG data.
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contamination by any anticipatory responses, although

there was no evidence of such anticipatory responses in

our final analyses. Epochs containing artefacts were

rejected based on a fixed threshold method, supplemented

with visual inspection. On average, 70 trials per partici-

pant were used for further analysis and the average num-

ber of trials accepted did not statistically differ by group

(Controls: M¼ 71.3, SD ¼ 5.0; HIV: M¼ 69.1, SD ¼
7.0; HAND: M¼ 71.0, SD ¼ 6.0).

Artefact-free epochs were transformed into the time-fre-

quency domain using complex demodulation, and the

resulting spectral power estimations per sensor were aver-

aged over trials to generate time–frequency plots of mean

spectral density. The sensor-level data per time–frequency

bin were normalized using the mean power per frequency

during the �700 to �300 ms baseline period. The specific

time–frequency windows used for imaging were deter-

mined by statistical analysis of the sensor-level spectro-

grams across all participants. Each data point in the

spectrogram was initially evaluated using a mass univari-

ate approach based on the general linear model (GLM).

To reduce the risk of false-positive results while maintain-

ing reasonable sensitivity, a two-stage procedure was fol-

lowed to control for Type 1 error (Maris and

Oostenveld, 2007). Briefly, paired-sample t-tests compar-

ing the mean baseline amplitude per frequency bin with

each post-stimulation time–frequency bin were conducted

and the resulting spectrogram of t-values was thresholded

at P < 0.05 to define time–frequency bins containing po-

tentially significant oscillatory responses across all partici-

pants. In stage two, time–frequency bins that survived

this threshold were clustered with temporally and/or spec-

trally neighbouring bins that were also significant, and a

cluster value was derived by summing all of the t-values

of all data points in the cluster. Non-parametric permuta-

tion testing was then used to derive a distribution of clus-

ter values and the significance level of the observed

clusters (from stage one) were tested directly using this

distribution (Ernst, 2004; Maris and Oostenveld, 2007).

For each comparison, at least 10 000 permutations were

computed to build a distribution of cluster values.

Further details of this method and our processing pipeline

can be found in recent papers (Kurz et al., 2017;

Wiesman et al., 2017; Spooner et al., 2018, 2019).

MEG beamformer imaging

Cortical networks were imaged through the dynamic

imaging of coherent sources beamformer (Van Veen

et al., 1997; Gross et al., 2001), which employs spatial

filters in the time–frequency domain to calculate source

power for the entire brain volume. The resulting func-

tional images reflect noise-normalized power differences

(i.e. active versus passive) per voxel and are typically in

pseudo-t units. MEG preprocessing and imaging used the

Brain Electrical Source Analysis (Version 6.1; BESA)

software. Normalized source power was computed for

the selected time-frequency periods (see Results section)

over the entire brain volume per participant at 4.0 mm

� 4.0 mm � 4.0 mm resolution. The resulting beam-

former images were then averaged across all participants

to assess the neuroanatomical basis of the significant os-

cillatory responses identified through the sensor-level

analysis.

Statistical analyses

To evaluate changes in somatosensory gating as a func-

tion of age, ‘gating maps’ were computed using whole-

brain reconstructions of the first stimulation compared to

the second (i.e. stimulation 1 – stimulation 2). The result-

ing maps reflected the individual’s capacity to ‘gate’ the

second stimulus in an identical pair, with smaller values

being indicative of worse gating (i.e. worse suppression

of redundant stimuli). To identify regions where somato-

sensory gating was significantly modulated by age,

whole-brain correlation maps were computed using the

voxel-wise gating maps and their respective ages. These

gating-by-age interaction maps were computed for each

group individually (i.e. uninfected adults, unimpaired

PLWH and those with HAND). From these maps, whole-

brain bivariate correlation coefficient comparisons were

computed using Fisher’s Z-transformation, which pro-

vided a voxel-wise map of z-scores representing the nor-

malized difference between each group in the age/gating

relationship.

To examine the effects of disease-related indices on

spontaneous activity during the baseline period (i.e. �700

to �300 ms), voxel time-series data (‘virtual sensors’)

were extracted from each participant’s MEG data using

the peak voxel coordinate derived from the whole-brain

interaction image. To compute these virtual sensors, we

applied the sensor weighting matrix derived through the

forward computation to the preprocessed signal vector,

which yielded a time series for the specific coordinate in

source space. Note that virtual sensor extraction was

done per participant, once the coordinates of interest

were known. Using these virtual sensor time series, we

computed the envelope of the spectral power in the fre-

quency bin used in the beamforming analysis. One-way

analysis of covariance (ANCOVA: controlling for years

of education) and post hoc comparisons were then con-

ducted to evaluate changes in absolute baseline power as

a function of disease. Finally, multiple regressions (con-

trolling for years of education) were conducted among

spontaneous neural activity and indices of clinical status,

including CD4 nadir in unimpaired PLWH and those

with HAND.

Data availability statement

All data will be deposited into the National NeuroAIDS

Tissue Consortium data archive at the conclusion of the
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study. Further anonymized data can be made available to

qualified investigators upon reasonable request to the cor-

responding author.

Results
Of the 254 participants who were originally enrolled, 44

were excluded at the evaluation phase due to moderate

or severe depression and/or current substance abuse. In

addition, 13 controls scored in the impaired range on

our neuropsychological battery and were excluded, and

an additional 18 participants were excluded due to miss-

ing or artefactual imaging data. The remaining sample of

179 participants was comprised of 53 unimpaired

PLWH, 34 adults with HAND and 92 uninfected con-

trols (see Fig. 1). The groups did not significantly differ

by age (P ¼ 0.372), sex (P ¼ 0.964) or handedness (P ¼
0.577), but did differ in education level (P < 0.001) and

we controlled for this variable in all analyses. Time since

diagnosis, CD4 and CD4 nadir were collected at the

time of the MEG session for unimpaired PLWH and

adults with HAND (see Table 1). The HIV-infected

groups did not significantly differ in time since diagnosis

(P ¼ 0.225), CD4 nadir (P ¼ 0.553) or current CD4

count (P ¼ 0.926). Finally, of the participants with

HAND, 23 met diagnostic criteria for asymptomatic neu-

rocognitive impairment, 7 for mild neurocognitive dis-

order and 4 for HIV-associated dementia.

Sensor- and source-level analyses

Robust broadband (10–90 Hz) synchronizations were

found across many MEG sensors near the sensorimotor

and parietal regions during the first 100 ms after the

onset of each electrical stimulation (P< 0.001, corrected;

Fig. 2). The strongest high-frequency responses (i.e. >

20 Hz) were clearly during the first 50 ms after stimulus

onset. Thus, we focused our beamformer analyses on the

higher 20–75 Hz frequency range and utilized two 50 ms

time intervals in which the neural response to stimulation

was the strongest (0–50 ms and 500–550 ms). Note that

our main analyses were limited on the low end to 20 Hz,

as this was the lowest frequency that we could precisely

resolve using a time window of 50 ms, and to 75 Hz on

the high end because relative power sharply decreased

thereafter, especially in response to the second stimulus.

Beamformer images revealed peak responses in the

contralateral somatosensory hand region of the postcen-

tral gyrus, with virtually identical peak locations in re-

sponse to the first and second stimulations across

participants (Fig. 2).

Disease-related alterations in
somatosensory processing as a
function of age

To identify brain regions where neuroHIV and cognitive

status modulated the relationship between somatosensory

gating and age, we computed voxel-wise ‘gating maps’

(i.e. stimulation 1 – stimulation 2) and performed whole-

brain correlations using these maps and participant age

for each group. We then applied Fisher’s Z-transform-

ation to these whole-brain correlation maps and found

that there was a stronger negative correlation between

somatosensory gating and age in the left DLPFC of

adults with HAND compared to both unimpaired PLWH

and uninfected controls (P < 0.05, corrected; Fig. 3). The

results also indicated significant gating/age correlations in

the left postcentral gyrus (i.e. S1 cortices) across all three

groups (P < 0.05, corrected), but this relationship did

not differ by neuroHIV or cognitive status.

Alterations in spontaneous activity
in HIV-infected adults

To evaluate whether spontaneous neural activity preced-

ing stimulus onset differed as a function of group, we

computed the absolute power time series (i.e. not baseline

corrected; Fig. 4) for the grand-averaged peak voxel in

the contralateral somatosensory cortex, as well as the

same left DLPFC voxels as were observed in the whole-

brain correlational analyses described above. We then

computed the mean power during the baseline period

(�700 to �300 ms) in each region per participant and

conducted a one-way ANCOVA per region to examine

group effects controlling for years of education. In the

somatosensory cortex, this ANCOVA was significant

[F(177) ¼ 5.65, P ¼ 0.004] and post hoc comparisons

revealed that 20–75 Hz spontaneous gamma power was

significantly stronger in participants with HAND relative

to controls, t(125) ¼ 2.53, P ¼ 0.013, but not elevated

compared to unimpaired PLWH, t(86) ¼ �0.99, P ¼
0.322; further, controls and unimpaired PLWH did not

statistically differ, t(144) ¼ –1.56, P ¼ 0.121 (Fig. 4). In

regard to the left DLPFC, a one-way ANCOVA using the

peak voxel from the unimpaired PLWH/HAND compari-

son above indicated that there were significant group dif-

ferences in 20–75 Hz spontaneous gamma in this region

Table 1 Participant demographics

Controls PLWH HAND P-value

N 92 53 34

Age (years) 45.4 47.6 49.1 0.372

Gender (n males) 50 31 18 0.964

Handedness (n right-handed) 78 48 31 0.577

Time since diagnosis (years) 11.3 13 0.225

CD4 (cells/ll) 750 759 0.926

CD4 nadir (cells/ll) 237.5 218 0.553
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[F(177) ¼ 6.74, P ¼ 0.002], and post hoc comparisons

revealed that spontaneous gamma was elevated in adults

with HAND compared to unimpaired PLWH, t(86) ¼
2.32, P ¼ 0.023, and uninfected controls, t(125) ¼
�3.60, P < 0.001 (Fig. 5). Spontaneous gamma activity

in this region did not statistically differ in the two unim-

paired groups (PLWH and controls), t(144) ¼ 1.20, P ¼
0.232.

Relationship to HIV metrics

Finally, to determine if neural metrics of somatosensory

processing were related to HIV clinical history, multiple

regressions (controlling for years of education) were con-

ducted among CD4 nadir count, time since diagnosis,

gating index and spontaneous gamma activity preceding

stimulus onset in both the contralateral primary somato-

sensory cortex and the left DLPFC. In regard to sensory

gating, there was no significant association between gat-

ing and CD4 nadir (P’s > 0.888) or time since diagnosis

(P’s > 0.193) in the somatosensory or prefrontal cortices.

In regard to spontaneous gamma activity, there was a

marginally significant negative association among baseline

gamma in the primary somatosensory cortex and CD4

nadir (P ¼ 0.097), as well as a robust relationship

amongst these variables in the left DLPFC, [R(85) ¼
�0.33, P ¼ 0.009; Fig. 5]. In both cases, higher baseline

gamma was associated with lower CD4 nadir across both

HIV-infected groups. Lastly, no association among spon-

taneous gamma and time since diagnosis was evident in

the somatosensory cortex (P ¼ 0.663) or left DLPFC

(P ¼ 0.846).

Discussion
The goal of the current study was to evaluate the differ-

ential impact of aging on inhibitory processing in PLWH

and uninfected controls. Through analysis of whole-brain

and voxel time-series data, we observed robust somato-

sensory responses in the gamma range (20–75 Hz) follow-

ing electrical stimulation of the right median nerve.

Interestingly, the impact of age on gating was similar

across all three groups in the primary somatosensory (S1)

cortices, but significantly differed in those with HAND

relative to both unimpaired PLWH and controls in the

prefrontal cortices. In addition, given recent findings of

altered spontaneous gamma activity preceding stimulus

onset in aging adults, we evaluated this metric and found

elevations in baseline gamma power in participants with

HAND, and determined that these elevations were signifi-

cantly related to CD4 nadir. The implications of these

novel findings are discussed below.

As stated in the Introduction section, the neurophysio-

logical signature of sensory gating is the attenuated neur-

al response to repetitive sensory input and this is thought

to reflect the capacity of the CNS to filter irrelevant in-

formation and preserve neural resources for behaviourally

relevant stimuli (Cromwell et al., 2008). This process has

been studied extensively in the auditory and somatosen-

sory domains, with recent work focused on its modula-

tion by the healthy aging process (Spooner et al., 2019).

Such studies have suggested that older adults exhibit

reduced gating of irrelevant or identical information rela-

tive to healthy younger adults (Lenz et al., 2012; Cheng

and Lin, 2013; Spooner et al., 2019). Interestingly,

Figure 2 Neural responses to somatosensory stimulation of the right median nerve. (Left) A 3D spectrogram of a MEG sensor near

the sensorimotor cortices illustrating the somatosensory spectral responses to paired-pulse electrical stimulation. Time is shown on the x-axis

(ms), relative power (%) on the y-axis and frequency (Hz) is shown on the z-axis. All signal power data are expressed as percent change from

baseline (�700 to �300 ms), and the corresponding colour scale bar is displayed to the right of the graphic. (Right) Grand-averaged beamformer

images (pseudo-t) for stimulation 1 and stimulation 2 across all groups. Strong increases in power were found in virtually identical areas of the

contralateral hand region of the somatosensory cortex for both stimulations.
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emerging evidence in the neuroHIV literature suggests

that PLWH may exhibit accelerated aging phenotypes

(Appay and Rowland-Jones, 2002; Rickabaugh et al.,

2015; Gross et al., 2016). For example, in a recent DNA

methylation study of recent and chronic HIV-infection,

PLWH showed a relative age advancement of �5 years

compared to uninfected controls regardless of disease dur-

ation, and further, this biological age advancement was

significantly related to indices of disease progression (i.e.

CD4/CD8 T cell ratio) (Gross et al., 2016). Given such

data, one might expect the age-related decline in sensory

gating observed in healthy adults to be accentuated in

PLWH, and this was a major factor in motivating the

current study, which used whole-brain correlational anal-

yses to identify regions where age-related changes in som-

atosensory gating uniquely distinguished PLWH from

controls. Of particular interest, we found that gating

decreased with age across all participants in the left som-

atosensory cortex, and that such age-related changes in

the DLPFC significantly differed by group. Specifically,

we found that sensory gating in the DLPFC was robust

only in younger participants with HAND, and that this

gating sharply declined with age. In contrast, gating in

this brain region was much weaker in unimpaired PLWH

and controls and was not significantly modulated by age.

These findings may indicate that younger adults utilize

potential compensatory mechanisms such as top-down

modulation via DLPFC to effectively gate redundant stim-

uli. In other words, DLPFC hyperactivity in the gamma

range may allow young participants with HAND to gate

somatosensory responses, while this mechanism may be-

come exhausted as they get older.

These results align nicely with a well-known extension

of the compensation hypothesis of neurocognitive aging

(i.e. the compensation-related utilization of neural circuits

hypothesis) (Reuter-Lorenz and Cappell, 2008). The com-

pensation-related utilization of neural circuits hypothesis

suggests that in times of lower cognitive demand, older

Figure 3 Correlation between gating and age. Gating maps (stimulation 1 � stimulation 2) were computed for each participant and these

were correlated with age in each group. Fisher’s Z-transformation was then used to identify regions where the correlation between gating and

age significantly differed by group. In each plot, age in years is plotted on the x-axis and the gating index in pseudo-t units is plotted on the y-axis,

with the line of best-fit overlaid on each graph for each group. (Left) Adults with HAND (red) exhibited a strong negative correlation between

gating and age in the left DLPFC, and this correlation statistically differed from controls (blue). (Middle) Same as the left except now the

significant difference between adults with HAND (red) and unimpaired PLWH (black) is shown. (Right) Same as the previous two maps/plots,

except the data for unimpaired PLWH and controls is shown; these groups did not differ.
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adults recruit larger volumes of tissue or increase the de-

gree of activation to aid in task performance relative to

their younger counterparts. In contrast, during times of

higher cognitive demand, older adults have exhausted

such resources, leading to poorer task performance while

younger adults engage the same mechanisms to support

the increased task demands. This hypothesis has been

corroborated by a host of neuroimaging studies showing

age-related compensation in prefrontal cortices across a

variety of tasks (Cabeza et al., 2002; Mattay et al.,

2006; Cappell et al., 2010). Of note, the involvement of

the DLPFC during sensory processing and gating is not

Figure 4 Spontaneous neural activity preceding stimulation distinguishes groups. (Left) Absolute voxel time-series data were

extracted from the contralateral primary somatosensory cortex of each participant using the peak voxel in the grand-averaged image. (Middle)

These time series were averaged by group and are plotted as a function of time. (Right) Neural activity during the baseline period (�700 to

�300 ms) was averaged in each participant, and independent samples t-tests were conducted. These revealed significantly elevated gamma

activity during the baseline period in HAND participants (shown in red) compared to controls (P ¼ 0.013, blue), but not unimpaired PLWH (P ¼
0.322, black), and no differences between unimpaired PLWH and control participants (P ¼ 0.121).

Figure 5 Disease-related alterations in prefrontal spontaneous gamma activity. (Left) Peak voxel extraction from Fisher’s Z

comparisons of the gating/age relationship in unimpaired PLWH and those with HAND. Independent samples t-tests revealed significantly

elevated gamma activity during the baseline period (�700 to �300 ms) in HAND participants (shown in red) compared to controls (P < 0.001,

blue) and unimpaired PLWH (P ¼ 0.023, black). Baseline gamma power was not significantly different between unimpaired PLWH and uninfected

controls (P ¼ 0.232). (Right) Pearson correlation revealed a significant association among spontaneous neural activity in the left DLPFC and CD4

nadir such that, as spontaneous gamma activity increased, CD4 nadir count decreased across all PLWH (with and without HAND).
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new, as lesion studies have linked impaired function of

the prefrontal cortex with impaired processing and sup-

pression of sensory information (Yamaguchi and Knight,

1990; Knight et al., 1999). Further, task-based neuroi-

maging studies in healthy adults have revealed that

increases in prefrontal and somatosensory activity coin-

cide with directing attention to tactile stimuli (Staines

et al., 2002; Schaefer et al., 2005). There is also a previ-

ous MEG investigation that found aberrant prefrontal ac-

tivity in PLWH relative to uninfected controls during the

processing of tactile stimulation (Wilson et al., 2015).

The latter study did not divide PLWH by cognitive status

(i.e. presence or absence of HAND) nor investigate aging,

but their findings are of a major interest given the cur-

rent data. Finally, it is worth noting that prefrontal gen-

erators have also been a well-characterized component of

auditory gating (Grunwald et al., 2003; Williams et al.,
2011; Cheng et al., 2015a). Taken together, these find-

ings implicate the prefrontal cortices in the active process-

ing and gating of sensory responses, and our study is the

first to report age-related alterations in such activity that

differ based on cognitive status in neuroHIV.

A final novel contribution to this literature is our inves-

tigation of spontaneous neural activity as a function of

cognitive impairment and clinical status in HIV-infection.

Most investigations that have examined this neural metric

have examined its modulation by healthy aging. Briefly,

two recent studies reported elevated spontaneous beta ac-

tivity in the primary motor cortices prior to movement

onset in healthy aging adults, and further, this elevation

in baseline power was significantly linked to movement-

related beta oscillatory activity and behavioural perform-

ance (Rossiter et al., 2014; Heinrichs-Graham and

Wilson, 2016). A third study found a similar relationship

among spontaneous gamma activity and healthy aging in

the somatosensory cortex, such that older adults had sig-

nificantly elevated baseline power relative to younger

adults (Spooner et al., 2019). Importantly, this study was

the first to provide evidence that spontaneous gamma

power preceding stimulus onset directly modulated age-

related declines in somatosensory processing and gating

(Spooner et al., 2019). Finally, another recent study

probed the impact of HIV-infection on spontaneous neur-

al activity preceding somatosensory stimulation and

found that young and middle-aged PLWH exhibited ele-

vated baseline gamma power, which was reminiscent of

the levels previously reported in much older controls

(Spooner et al., 2018; Spooner et al., 2019). In conjugate,

these studies suggest that spontaneous neural activity in

sensorimotor cortices increases with healthy aging, and

that such increases happen earlier in PLWH, which pro-

vides new support to the notion of premature or acceler-

ated aging in neuroHIV. Further, these modifications in

spontaneous cortical activity appear to be directly linked

to task-relevant neural oscillations across the sensori-

motor network (Rossiter et al., 2014; Heinrichs-Graham

and Wilson, 2016). Expanding upon previous work, the

current study also found alterations in spontaneous

power within the left DLPFC, where significant gating/

age relationships were observed, and this had not been

previously reported. Importantly, this increase was not

only modulated by HIV-infection, but was specifically

related to CD4 nadir across all PLWH. With increasing

evidence suggesting that CD4 nadir is predictive of cogni-

tive impairment in these participants (Tozzi et al., 2005;

Mu~noz-Moreno et al., 2008; Ellis et al., 2011; Panel on

Antiretroviral Guidelines for Adults and Adolescents,

2017), the need for early diagnosis and treatment initi-

ation is clear and of utmost importance.

In conclusion, the current study quantified the adult

lifespan trajectory of disease-related alterations in somato-

sensory processing and gating in unimpaired PLWH,

adults with HAND, and healthy controls. Our most im-

portant finding was that young participants with HAND

recruit additional neural resources (i.e. the prefrontal cor-

tex) to gate redundant sensory stimuli, and that this

probable compensatory mechanism becomes exhausted by

middle age. This mechanism not only implicates the pre-

frontal cortex in age-related alterations of sensory gating

but also in the differentiation of HIV-infected adults liv-

ing with and without cognitive impairment. While previ-

ous work has implicated prefrontal involvement in

sensory processing (Yamaguchi and Knight, 1990; Knight

et al., 1999; Staines et al., 2002; Schaefer et al., 2005;

Wilson et al., 2015), the current study was the first to

link this activity to gating in the context of HIV, and to

identify its unique role in those with HAND versus unim-

paired PLWH. Additionally, we observed significant

increases in spontaneous gamma activity within sensori-

motor cortices as a function of age, which was accentu-

ated in PLWH. Of note, spontaneous gamma activity in

the left DLPFC distinguished participants with HAND

from PLWH who were unimpaired, and thus may hold

promise as a potential neural marker of HAND. Such a

marker could help address current limitations in the diag-

nosis and treatment of cognitive dysfunction in PLWH,

but future studies are definitely needed to assess the sen-

sitivity and specificity of this metric before moving for-

ward. Before closing, it is important to acknowledge

several possible limitations of the study. First, neural

processing of somatosensory input like that used in our

study includes relays in the thalamus and primary som-

atosensory cortex, as well as the potential involvement of

the basal ganglia through cortical-basal ganglia-cortical

loops (McCormick and Bal, 1994; Seki and Fetz, 2012;

Colder, 2015; Lei et al., 2018; Conte et al., 2020;

D’Antonio et al., 2019). Given this, we cannot rule out

that gating like that observed in the primary somatosen-

sory and DLPFC of this study also occurs in subcortical

regions such as the basal ganglia. While we did not find

evidence of this using our whole-brain beamforming ap-

proach, we cannot definitely rule it out either and future

studies should keep this in mind. In addition, there is evi-

dence of altered temporal discrimination abilities in some

Age-related gating of sensory input in HIV BRAIN COMMUNICATIONS 2020: Page 9 of 11 | 9



neurological conditions (e.g. D’Antonio et al., 2019), and

such altered processing could contribute to gating and

similar aberrations in these populations. Future studies

should focus on teasing apart these inter-related con-

structs. To close, about half of the PLWH in the United

States are over 50 years old (Kamkwalala and

Newhouse, 2017), and this number is expected to grow.

Thus, investigations of aging phenotypes, and mecha-

nisms of cognitive and accelerated aging are paramount

to increase our understanding of neural processing and

cognitive decline in neuroHIV.
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